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INTRODUCTION
Since 1981, the International Atomic Energy Agency (IAEA) has sponsored a series of Coordinated Research Projects (CRP) in the area of nuclear fuel modeling. These projects have typically lasted 3-5 years and have had broad international participation. The objectives of the projects have been to assess the maturity and predictive capability of fuel performance codes, support interaction and information exchange between countries with code development and application needs, build a database of welldefined experiments suitable for code validation, transfer a mature fuel modeling code to developing countries, and provide guidelines for code quality assurance and code application to fuel licensing.
The fourth and latest of these projects, known as FUMEX-III 1 (FUel Modeling at EXtended Burnup-III), began in 2008 and ended in December of 2011. FUMEX-III was the first of this series of fuel modeling CRP's in which the INL participated.
Participants met at the beginning of the project to discuss and select a set of experiments ("priority cases") for consideration during the project. These priority cases were of broad interest to the participants and included reasonably well-documented and reliable data. A meeting was held midway through the project for participants to present and discuss progress on modeling the priority cases. A final meeting was held at close of the project to present and discuss final results and provide input for a final report.
Also in 2008, the INL initiated development of a new multidimensional (2D and 3D) multiphysics nuclear fuel performance code called BISON, with code development progressing steadily during the three-year FUMEX-III project. Interactions with international fuel modeling researchers via FUMEX-III played a significant role in the BISON evolution, particularly influencing the selection of material and behavioral models which are now included in the code.
The FUMEX-III cases are generally integral fuel rod experiments occurring late in fuel life (high burnup), and thus involve complex coupled multiphysics behavior. A mature fuel performance capability is needed to have any hope of reasonable comparison to experimental data. BISON's ability to model such integral fuel rod behavior did not mature until 2011, limiting the number of FUMEX-III cases considered during the CRP. In fact, only two FUMEX cases were considered in any detail. The first was actually from the earlier FUMEX-II project, and included a comparison of results from the BISON fission gas release model to what is known as the Vitanza 2 threshold. This comparison will be briefly described below for completeness. The only FUMEX-III case considered was the Riso3-GE7 experiment, which includes measurements of rod outer diameter following pellet clad mechanical interaction (PCMI) resulting from a power ramp late in fuel life.
BISON DESCRIPTION
Overview
BISON is a finite element-based nuclear fuel performance code based on the INL Multiphysics Object Oriented Simulation Environment (MOOSE). 3 The code is designed for steady and transient analysis and is applicable to a variety of fuel forms, including light water reactor fuel rods, TRISO particle fuel, and metallic rod and plate fuel. BISON solves the fully-coupled equations of thermomechanics and species diffusion, for either 2D axisymmetric or 3D geometries. Fuel models are included to describe temperature and burnup dependent thermal properties, fission product swelling, densification, thermal and irradiation creep, fracture, and fission gas production and release. Plasticity, irradiation growth, and thermal and irradiation creep models are implemented for clad materials. Models are also available to simulate gap heat transfer, mechanical contact, and the evolution of the gap/plenum pressure with plenum volume, gas temperature, and fission gas addition. Because BISON is a MOOSEbased application, it can efficiently solve problems using standard desktop workstations or massively parallel high-performance computers, which is essential for complex 3D simulations.
Computational meshes for BISON can be developed using a variety of existing mesh generation software, such as the CUBIT code (http://cubit.sandia.gov) developed at Sandia National Laboratory. The mesh provided as input to BISON determines the dimensionality of the analysis, thus either 2D or 3D simulations can be performed simply by supplying either a 2D or 3D finite element mesh. Scripts are available to automate meshing of complete fuel rods, containing either individual fuel pellets or a smeared fuel column. Output can be generated in a variety of popular graphics formats and viewed with existing software such as ENSIGHT (http ://www.ensight.com), TECPLOT (http://www.tecplot.com), or PARAVIEW (http://www.paraview.org/).
It is noteworthy that a companion code to BISON, called MARMOT 4 , has also been developed that solves mesoscale phase-field equations, and can be used to simulate fuel microstructure evolution (e.g., void swelling, fission gas bubble formation, species redistribution) during irradiation. MARMOT was recently coupled to BISON to provide multiscale analysis of nuclear fuel.
A detailed description of BISON, including application to both LWR and TRISO fuels forms and demonstration of concurrent coupling to MARMOT, was recently published. 5 A brief overview of the models currently available in BISON is provided below.
Oxide Fuel Material and Behavioral Models
Two empirical models are available in BISON to compute thermal conductivity and its dependence on temperature, porosity, and burnup. In the first, the temperature-dependence of unirradiated material is defined using the equation suggested by Fink 6 . This relationship is then modified to account for the effects of irradiation, porosity and burnup using a series of multipliers, as outlined in detail by Lucuta et al. 7 The second is the model from MATPRO 8 , which is based on an equation proposed by Ohira and Itagaki 9 .
Volumetric swelling as a result of both solid and gaseous fission products is included using empirical relations from MATPRO 8 . Solid fission product swelling is expressed as a simple linear function of burnup. Gaseous fission product welling is prescribed as a function of both burnup and temperature. Fuel densification is computed using the ESCORE 10 empirical model.
A model for combined secondary thermal creep and irradiation creep of UO 2 is available, with the creep rate modeled as a function of time, temperature, effective stress, density, grain size, fission rate, and oxygen-to-metal ratio (O/M). The constitutive relation is taken from the MATPRO 8 FCREEP material model.
Pellet fracture can be modeled using a simple empirical relocation model and/or a smeared cracking model. The relocation model is from ESCORE 10 and prescribes the increase in fuel diameter as a function of the linear heating rate and burnup. The smeared cracking model follows the approach outlined by Rashid 11 , where cracking is simulated by adjusting the elastic constants at material points. This is in contrast to a discrete cracking model, where topographic changes are made to the finite element mesh.
Fission gas production and release is computed using the Forsberg-Massih 12 two-stage model, evaluated at each finite-element integration point in the fuel. The first stage of the Forsberg-Massih model computes fission gas diffusion to grain boundaries, based on an analytical solution to the diffusion equation in spherical coordinates. An effective diffusion coefficient is used, which accounts for gas resolution and trapping within the fuel grain. The gas diffusion coefficient developed by Turnbull et al. 13 is employed. In the second stage, time-dependent boundary conditions are used to determine grain boundary gas accumulation, resolution, saturation, and release parameters. Release from the grain boundaries is controlled using a grain boundary saturation criterion. For the current implementation, the fuel grains are assumed to be constant in diameter, thus grain growth and grain-boundary sweeping effects are not considered.
Cladding Material and Behavioral Models
Focusing initially on Zircaloy as a clad material, models have been implemented in BISON for thermal and irradiation creep, irradiation growth and combined creep and instantaneous plasticity. Secondary thermal creep is described using a traditional power-law formulation described by Hayes and Kassner
14
, with the creep rate specified as a function of effective stress and temperature. Irradiationinduced creep is based on an empirical model developed by Hoppe 15 that relates the creep rate to the current fast neutron flux and stress. A model for primary creep of zirconium alloys has not yet been implemented.
Cladding elongation as a result of radiation-induced growth is included using the ESCORE 10 empirical model, where the irradiation growth strain is specified as a function of the fast neutron fluence.
A constitutive model is also available for combined instantaneous plasticity and time-dependent creep. Creep is modeled using the thermal and irradiation creep constitutive equations described above. Time-independent plasticity is modeled assuming J2 plasticity based on a simple linear strain-hardening curve.
Gap and Plenum Models
Gap heat transfer is modeled by summing the gap gas conductance, the increased conductance due to solid-solid contact, and the conductance due to radiant heat transfer. This model is typically applied between the fuel and clad, but can also be used to simulate heat transfer between individual pellets or between a pellet and end cap.
The gap gas conductance is described using the well-known form published by Ross and Stoute 16 , where the conductance is specified as a function of the gap width and the roughnesses and jump distances of the two surfaces. The conductivity of the gas mixture is computed using the mixture rule from MATPRO 8 , which permits mixtures of seven gases (helium, argon, krypton, xenon, hydrogen, nitrogen, and water vapor). The increased conductance due to solid-solid contact is described using the empirical model suggested by Olander 17 , where the conductance is specified as a function of the thermal conductivities of the solid materials in contact, the contact pressure, the average gas film thickness, and the Meyer hardness of the softer material. The conductance due to radiant heat transfer is approximated using a diffusion approximation.
Mechanical contact is computed using a traditional node/face approach. To date, BISON supports only frictionless and tied contact. Friction between the pellets and clad is important, and will be implemented in the future. Finite element contact is notoriously difficult to make efficient and robust in three dimensions, thus effort is underway to improve the contact algorithm.
The pressure in the gap and plenum is computed based on the ideal gas law. The moles of gas, the temperature, and the cavity volume are free to change with time. The gas mass is the original amount plus any fission gas released. The temperature is currently taken as the average temperature of the pellet exterior and cladding interior surfaces, though any other measure of temperature could be used. The cavity volume is computed based on the evolving pellet and clad geometry.
APPLICATIONS
As mentioned above, BISON was under active development during the full duration of the FUMEX-III exercise and the ability to simulate integral fuel rod tests only became possible near the end of the project. Application to the FUMEX-III priority cases was therefore limited the single Riso3-GE7 experiment, which includes measurements of rod outer diameter following pellet clad mechanical interaction (PCMI) resulting from a power ramp late in fuel life.
Results from the BISON fission gas model were also compared to a priority case from the earlier FUMEX-II project. A brief description of this early comparison will be included for completeness.
Fission Gas Release
A frequent test of Fission Gas Release models involves a comparison to the Vitanza or Halden threshold. Vitanza et al.2 2 , collected data for a large number of UO 2 fuel rods in the low release range (typically 0.5 to 2% FGR) and correlated the data in terms of fuel centerline temperature versus burnup. A fit to this widely scattered data is known as the Vitanza threshold, and is often used both to evaluate and calibrate FGR models.
The BISON fission gas release model was tested using a single LWR UO 2 fuel pellet, assuming uniform constant power. Since fission gas release is affected by a large number of input parameters, a limited parametric study was conducted. Table 1 lists the required input data for the Forsberg-Massih model and gives typical values as reported by Denis and Piotrkowski. 18 Simulations using these data will be referred to as the reference case in results to follow. The three parameters varied here include the hydrostatic pressure in the pellet, the resolution rate from intergranular bubbles, and the fractional coverage of grain boundaries at saturation. For each parametric case considered, the Vitanza curve is included for comparison. 18 Fuel grain radius (m) 10.0 ×10 Sink strength of interstituals (m As a first parametric case, all parameters were held fixed except the hydrostatic pressure, which was varied from 0 to 20 MPa in 5-MPa increments. The results are summarized in Figure 1 , which plots the fuel centerline temperature versus burnup when 1% FGR is predicted. Symbols indicate individual simulations at various axial power levels; the Vitanza experimental curve is included. An increase in hydrostatic pressure significantly shifts the onset of gas release to higher burnups. The results demonstrate the substantial role played by the hydrostatic pressure and provide clear evidence of the need for accurate solid mechanics models for the fuel, including fracture effects if the fuel is susceptible to cracking. In the second parametric case, all parameters were held at reference conditions, except the resolution rate from intergranular bubbles, which was varied from 0 to the reference value of 1.55 × 10 -5 s -1 . The results are summarized in Figure 2 . The resolution rate has a significant effect, becoming more pronounced at higher burnups. In the final parametric case considered, all parameters were held at reference conditions except V c -the fractional coverage of the grain boundary at saturation-which was assumed to be either 0.5 (reference value) or 0.85. The results, summarized in Figure 3 , indicate a strong sensitivity to V c , again, most predominantly at higher burnups. 
Riso3-GE7 Ramp Test
Test description
Test GE7 is a bump test that was carried out during the third Riso Transient Fission Gas Release Project in 1989 19 . The fuel pin was supplied by General Electric Company and was neither punctured nor opened for refabrication prior to the test. The test pin (ZX115) was the lower middle segment of four approximately 0.975 m long segments assembled to a stringer. The fuel pellets were flat ended and chamfered, enriched to 3% UO 2 , with an average grain size of approximately 12 µm. The cladding was stress relieved Zircaloy-2 with a bonded zirconium liner. The fuel segment was base irradiated in the Quad Cities-1 BWR over four reactor cycles. Figure 4 shows a history of the linear heat generation rate in test pin ZX115 during the base irradiation.
The bump irradiation was performed in a water-cooled rig under BWR conditions. The power history during the bump, shown in Fig. 5 , included a 6 hour conditioning period at approximately 23 kW/m, a power ramp over the next approximately 15 minutes, and then a 4 hour hold. The peak power at the end of the hold period was 35.5 kW/m. Note that the tabular power data supplied with the test documentation indicated a 2 kW/m power rise during the final hold period, as shown in Fig. 5 . This differs from the power history plotted in Figure 5 .1 of Reference 19, where the power is shown to be constant during this final period.
The measured axial power distribution at peak power, taken from Reference 19, is shown in Fig. 6 . A strong profile exists in the test, with a peak axial factor of 1.48. 
Model description
A fully-coupled thermomechanical analysis was performed during both the base irradiation and bump test. The rod segment was modeled assuming 2D axisymmetry, based on the geometry specified in Reference 19. For simplicity, the pellet stack was simulated as a single smeared fuel column. The liner was assumed to have the same material properties as the clad. Cladding oxidation was not considered. Mechanical contact between the fuel and clad was assumed to be frictionless.
The coolant pressure was ramped to 7.24 MPa early in the base irradiation, and then held constant through the end of the power bump. The clad outer wall temperature was fixed at 564 K. Helium was the rod fill gas, having an initial pressure of 0.29 MPa.
Fuel thermal properties were prescribed using the Fink-Lucuta formulation. Fuel thermal and irradiation creep and fission product swelling were included. Fuel fracture was simulated using the empirical relocation model.
The nonlinear material response of the cladding was simulated using the combined thermal and irradiation creep and instantaneous plasticity model. This model is required to capture the very slow creep behavior during the base irradiation, and rapid plastic response during the power bump. The effects of irradiation growth were included.
Assuming fresh fuel, the base irradiation was simulated based on the power history of Figure 4 . The axial power profile during the base irradiation was relatively flat, varying over the range of 0.96 to 1.027. The fast neutron flux in the clad was supplied via input using experimental data supplied with the experiment. The power history of Fig. 5 , combined with the axial power distribution of Fig.6 , defined the power during the bump test.
The BISON input file for this simulation is given in Appendix 1.
Results
A comparison of the predicted and measured rod outer diameter is shown in Fig. 7 . The dashed line is the as-manufactured rod diameter, prior to irradiation. The experimental data, shown as symbols, indicate the measured average rod diameter at both the end and middle fuel pellet locations, giving an indication of rod ridging due to pellet hourglassing. The solid line is the predicted rod diameter following the power bump.
Note that contact release is not fully implemented in BISON thus once the fuel and clad surfaces are in contact, they can slide relative to each other, but are not permitted to separate. This is a temporary limitation, with contact release an area of active code development. The issue here, however, is that to obtain a prediction of the final rod diameter, it was not possible to simply reduce the power and cool the rod at the end of the power bump, since thermal contraction of fuel would artificially pull the clad inward. Thus, to obtain the prediction in Fig. 7 , the final rod diameter was simply computed from the original diameter by applying the total plastic strains at the end of the bump test. For 2D axisymmetry, the hoop strain can be closely approximated as the radial displacement divided by the original radius, thus the rod final diameter was computed as D = D o + 2u x = D o (1 + ε θ ) where D o is the original rod diameter, u x is the radial displacement, and ε θ is the total inelastic hoop strain.
Due to the large axial power profile during the power bump, the upper portion of the rod remained relatively cool and did not undergo plastic deformation as a result of the bump. The final rod diameter in this region is thus a function of clad creep during the base irradiation. BISON appears to over-predict the clad creep-down, giving a rod diameter approximately 10 µm less than measured. The prediction, however, is reasonable.
Permanent clad deformation during the bump is observed over roughly the bottom two thirds of the rod. BISON predicts the shape of this deformation nicely, but under-predicts the magnitude. 
Computer Platforms and Software Version
BISON is designed to run on a variety of UNIX-based computer platforms. All the simulations described in this study were run on a 12-CPU MAC workstation (Mac OS X-10.6.5 operating system), typically using eight processors. In all cases, the parallel nature of the calculation is handled completely by the software, with the user simply specifying the number of processors at execution time.
Simulations described in this report were run using BISON at revision number 9642. 
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CONCLUSIONS
FUMEX-III was the first of the IAEA sponsored fuel modeling Coordinated Research Projects in which the INL participated. During the same time period, the INL initiated development of a new multidimensional (2D and 3D) multiphysics nuclear fuel performance code called BISON. Interactions with international fuel modeling researchers via FUMEX-III played a significant and important role in the BISON evolution, particularly influencing the selection of material and behavioral models which are now included in the code.
BISON's ability to model integral fuel rod behavior did not mature until 2011, thus the only FUMEX-III case considered was the Riso3-GE7 experiment, which includes measurements of rod outer diameter following pellet clad mechanical interaction (PCMI) resulting from a power ramp late in fuel life. BISON comparisons to the Riso3-GE7 final rod diameter measurements are quite reasonable.
The INL is very interested in participation in the next Fuel Modeling Coordinated Research Project and would like to see the project initiated as soon as possible.
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